Asphaltene aggregation process was studied using molecular dynamics techniques. Four different structures were used. The first three molecules have a continental structure, with condensed aromatic cores, while the forth has an archipelago structure, with small groups of aromatic rings connected with saturated chains. The molecules were constructed in an atomistic framework, in which atoms are described individually. Interaction forces were calculated at 300 K and 200 atm; Van der Waals and electrostatic interactions were evaluated separately. For all four molecules the solubility parameter was calculated. It was found that Van der Waals interactions due to the presence of aromatic rings and electrostatic forces caused by the presence of heteroatoms such as oxygen, nitrogen and sulfur, are equally relevant in the aggregation of asphaltene molecules. For all molecules it was found asphaltene systems are more stable in aggregation state than in monomeric state. For continental structures, the presence of long ramifications obstructs the formation of asphaltene aggregates. For archipelago structures, the flexibility of the molecules enables the aggregation with other structures. The presence of heteroatoms creates a repulsive force that hinders the aggregation process. The molecular volume and the cohesive energy are also sensitive to the geometric configuration and the composition of the species, which affects the solubility parameter.
Introduction
Asphaltene aggregation and deposition is one of the biggest sources of production loss, especially in light oil reservoirs.
However, the real mechanism of asphaltene aggregation is still unclear. Due to the complexity of the system, it is particularly difficult to design proper experiments in order to determine the exact nature of the aggregation process. Molecular simulation techniques appear as an alternative to experimentation, as these allow, for instance, studying the behavior of complex systems under extreme conditions of temperature and pressure. In the literature, it is possible to differentiate three major areas in computer simulation of asphaltene systems: (1) the development of adequate equations of state to describe hydrocarbon systems with some contents of asphaltene [1] [2] [3] ; (2) population balance models that study the evolution of aggregate size and growth as a function of some control variable; and (3) molecular models to study the behavior of asphaltene systems from a molecular or atomistic scale [4] [5] [6] [7] [8] .
With the improvements in computer efficiency, molecular models become an excellent choice for accurately describing the aggregation of asphaltenes, as this process takes place in a molecular scale. These models are often based on experimental measurements and theoretical considerations, taking into account the average composition as a restriction.
Vicente et al. [4] presented a model to calculate the miscibility of a model asphaltene molecule in different organic solvents, finding that asphaltenes have more affinity with long-chain hydrocarbons due to the density of this kind of substances, which agrees with experimental results. Lu et al. [5] evaluated the aggregation of asphaltene molecules in different solvents at various temperatures. Results showed that temperature does not influence aggregation up to 500 K. Frigeiro and Molinari [6] used molecular dynamics to study aggregation in different solvents and calculated the solubility parameter of two asphaltene molecules proposed after experimentation and spontaneous formation of asphaltene clusters was observed. A. N. M. Carauta et al. [7] also used molecular dynamics to calculate the solubility parameter of an asphaltene molecule and its dimer. Their results show that the solubility parameter decreases with aggregation number. More recently, M. Segdhi et al. [8] studied the aggregation of asphaltenes and the formation of dimers and clusters; their results show the different states of aggregation and were able to calculate aggregate sizes. All these results allow concluding that computer simulation is an adequate technique to describe asphaltene systems and their behavior.
Although it might seem that computer simulation of asphaltene-petroleum systems holds all the answers in understanding asphaltene behavior and prediction of macroscopic properties, one important aspect to consider in using this technique is that they need the molecular description of asphaltene as input, and several aspects of asphaltene structure and composition are still in debate.
Asphaltenes are not a single specific molecule, but rather a set of structures that share solubility behavior and general characteristics. Traditionally, structural characteristics are determined experimentally, and average values for atomic content, molecular weight and geometric configuration are used to propose one structure to represent the different molecules that coexist in the actual asphaltene system [9, 10] .
This representation of asphaltenes as a single average molecule has recently originated some controversy. Gray et al. [11] have stated that as different structures exist in the actual system, the asphaltene model should include all these structures to adequately describe asphaltene aggregation behavior.
In light of this new tendency, four asphaltene molecules obtained from previous experimental work in Colombian Castilla crude oil were studied. Since all four molecules were obtained from experimental work, it is possible that they all coexist in the actual asphaltene-hydrocarbon system. The aim of this work is to determine the nature of the behavior of these molecules as they interact with themselves in order to set a foundation in asphaltene aggregation studies of Colombian asphaltene systems. The molecular volume and the solubility parameter were also calculated to validate the model with macroscopic properties.
Model
The asphaltene molecules used in this study were proposed by Navarro et al. [12] as a result of experimental analyses conducted on Colombian Castilla crude oil. In the original work presented by Navarro et al. three molecules were proposed, one asphaltene macromolecule and two molecules presented as resins. However, the recent literature on asphaltenes structure and new measurements of properties such as molecular mass and density for asphaltene monomeric molecules suggest that the macromolecule initially proposed by Navarro et al. as an asphaltene does not meet the criteria of an asphaltene molecule [9, 10, 13] , and the initially proposed resins can be categorized as asphaltenes. In this work, a decision was made to divide the macromolecule proposed by Navarro et al. into two molecules, and to treat the proposed resins as asphaltene molecules. The four proposed asphaltene molecules are likely to coexist in the actual hydrocarbon system. However, in this work they are evaluated individually in order to establish the true nature of their aggregation behavior in absence of external forces. Fig. 1 shows the molecular structure of the species used in this study. It is seen that the structures shown in Fig. 1a , 1b and 1c have a continental structure, with a core made of condensed aromatic rings surrounded by saturated chains of hydrocarbons. The fourth molecule, shown in Fig. 1d , has an archipelago structure, with small groups of rings connected by saturated chains. Molecule A1 (Fig. 1a) presents a core made of eight aromatic rings and one atom of sulfur and one atom of nitrogen. Molecule A2 (Fig. 1b) has a similar structure, but has a larger core made of 15 aromatic rings, and one more atom of sulfur. Molecule A3 (Fig. 1c) has a condensed core consisting on nine aromatic rings, but has an oxygen and a sulfur atom, and no nitrogen. This molecule also has longer saturated ramifications on its structure. Molecule A4 (Fig. 1d) has three aromatic groups connected with saturated chains and it also has three oxygen atoms and one sulfur atom, and no nitrogen.
The molecules were represented in an atomistic framework, in which each atom is considered individually using the LAMMPS package and the consistent valence force field CVFF [14] . The interaction energy was evaluated as stated in eq. (1).
Where ε and σ are the Lennard-Jones potential parameters, r is the separation distance between atoms, q and q are the atomic charges; k , θ and θ are the angle constant, the angle between each three atoms and the equilibrium angle, respectively; and k , l and l are the bond constant, the bond length between each pair of atoms and the equilibrium bond length, respectively.
Lennard-Jones parameters and bond and angle constants were assigned considering the nature of the atoms that form the pair, bond or angle, respectively. Partial charge for each atom was assigned using Equivalent Charge method [15] .
In order to determine the manner in which asphaltenes form aggregates, the interaction energy is separated into its different contributions; only non-bond energy is considered, that is, Van der Waals and electrostatic energy.
The solubility parameter was calculated using the Scatchard-Hildebrand formulation, and it is stated in eq. (2). Figure 1 . Molecular structures of the species used in this study. Darker dots represent nitrogen atoms; semi-dark dots represent oxygen atoms; light dots inside aromatic rings are sulfur atoms; gray dots correspond to carbon atoms and white dots to hydrogen atoms. Source: Own elaboration.
where E is the cohesive energy of each molecule, and V is its molar volume. The cohesive energy is the energetic difference between the ideal gas state and the condensed state. To calculate the cohesive energy, the molecules were simulated under two conditions. First, the species were isolated to emulate the ideal gas state. Second, the molecules were surrounded by replicas of themselves in order to depict the condensed state. Finally, the molecular volume is also calculated using molecular simulation.
Technical details
In order to replicate the reservoir conditions, and at the same time compare results with previous work [6, 7] , a temperature of 300 K and a pressure of 200 atm were selected. For each species, a NPT simulation box was built, so as to maintain the number of particles, the pressure and the temperature of the system.
The cut radius for each species was selected as the length of the molecule for guaranteeing adequate distance of interaction between the molecules. This length was calculated as the distance, in Angstroms, between the further pair of atoms. The Ewald's summation method was used to evaluate the long range electrostatic interactions. The SHAKE algorithm was used to maintain bond length. A complete list of the parameters used in this simulation can be found in [16] .
For each structure in Fig. 1 , an energy minimization was conducted in order to find the proper geometric configuration in which the molecule had more stability. This minimization consists on taking the molecule to a temperature of 0 K and allowing it to relax and finding the most adequate configuration, using a modification of the conjugate gradient algorithm available in the LAMMPS package [14] . The tolerance for this process was set to 1.0 10 kcal/mol. Once the minimum energy state was achieved; the molecules were taken to the work temperature and pressure. Once this state was reached, two simulations were conducted; the first one consisted on simulating ideal gas state, for which each molecule was placed in a simulation box with reflective walls to avoid interactions outside the molecule itself in order to calculate the cohesive energy of the isolated monomer. The second simulation consisted on simulating the condensed state, for which the molecule is surrounded by twelve replicas of itself and placed in a simulation box with periodic boundary conditions in all three dimensions. The number of replicas was chosen arbitrarily, considering both the accuracy of the measurement and maintaining reasonable computing time. This simulation allows calculating the molecular volume of the monomer and the cohesive energy of the molecules in condensed state at working pressure and temperature.
Molecular dynamic simulations of at least 10 ns were conducted, using a timestep of 1 fs. Non-bond energies (Van der Waals and electrostatic) were evaluated. Molecular volume was estimated and the solubility parameter was calculated for all four species. Fig. 2 shows the results for non-bond energy of all molecules. Fig. 2 .a depicts energy results for molecule A1 in isolated conditions and Van der Waals, electrostatic and total non-bond energy for periodic conditions after an equilibration period of 9.5 ns. It is also evident from this figure, the molecule has lower energy when is surrounded by its replicas than in isolated conditions (i.e., as a monomer). This is quite obvious, considering the isolated case resembles ideal gas conditions. However, this results show that the model here proposed is able to replicate the aggregation behavior observed experimentally in asphaltenes molecules [6] . It is worth noting that, even though asphaltenes do not exhibit polymeric behavior, the term "monomer" has gained acceptance in the literature to refer to asphaltenes in a disaggregated state.
Results and discussion
As to the aggregation mechanism, it can also be seen from Fig. 2 .a that the Van der Waals energy, associated with the aromatic content of the molecule, and the electrostatic energy, associated with the presence of heteroatoms, are comparable in magnitude, even though for molecule A1 the Van der Waals energy is higher in magnitude. That is, the effect of the continental structure and the aromatic core is equally important as the electrostatic effect for presence of heteroatoms, so neither one can be neglected. Fig. 2 .b shows the energetic results for species A2 after 9.5 ns of equilibration. Again, it can be seen that the molecule has lower energy in the aggregate state, that is, is more stable. In this case, the Van der Waals energy has a value that is higher in magnitude than the electrostatic energy. This can be caused by the fact that the A2 molecule has more aromatic rings in its structure and fewer heteroatoms. Fig. 2 .c shows the energetic results for molecule A3 after 9.5 ns of equilibration. Similar to the previous cases, the total energy of the condensed state is lower than the isolated state, consistent with its tendency to form aggregates. However, for this molecule the total energy in the aggregated state (the sum of Van der Waals and electrostatic contributions) is higher than for the other continental structures. While molecule A3 still has a continental structure, it also has longer saturated chains, which appear to create a physical barrier that challenges the aggregation process. For this particular case, the difference between electrostatic interactions and Van der Waals interactions is more pronounced. This is associated with the oxygen atom attached to the continental structure. While the aromatic rings contribute to the aggregation process, the presence of oxygen, which has a greater partial charge than nitrogen or sulfur, seems to make it more difficult for the rigid molecule to balance the charges. However, like in the previous cases, the electrostatic interaction still has a negative energy value and therefore contributes to the aggregation process, and should not be neglected. Fig. 2 .d presents the energetic results for molecule A4. As for all other molecules, these results corroborate the aggregation behavior. For this monomeric molecule, the Van der Waals and the electrostatic contributions are similar, probably due to the fact that the presence of oxygen, with a high partial charge, and the dispersed aromatic cores contribute in equal manner to the formation of aggregates. Molecule A4 exhibits lower energy in aggregate conditions than the other molecules, which can be explained because this molecule has a different, more flexible, structure that allows for better interaction with other molecules by steric ability.
The behavior of the difference between Van der Waals and electrostatic energies was similar for pairs A1-A3 and A2-A4. This was somewhat surprising considering molecule A4 has an archipelago structure that differs from the other three continental ones. This is evidence that not only molecular architecture (island or archipelago) or heteroatoms content are crucial when defining asphaltene interactions, but the aliphatic chains also play a definitive role in aggregation.
As an example, Fig. 3 shows the final configuration for the interaction of molecule A2 with itself. As can be seen from the graphic, the aromatic cores locate in parallel while the side chains locate in the periphery. This is consistent with the behavior observed in the energy results. Van der Waals interactions, associated with the aromatic core, and electrostatic interactions, associated with the presence of heteroatoms mostly, contribute in similar way to the aggregation process, as the molecule experiences a strong attraction in the aromatic core while balances the charges attached to the heteroatoms. Fig. 4 contains a snapshot of the final configuration of the interaction of molecule A3 with itself. This figure illustrates the behavior of long chains of hydrocarbons in the asphaltene structure as they suppose an obstacle to the formation of aggregates. This behavior is consistent with the energy results obtained for molecule A3, as this molecule has higher energy in aggregated state compared with the other continental structures. [6, 7, 13, 17] . It can be seen that the asphaltenes here presented are within expected values for this parameter. For molecule A3, the solubility parameter is slightly lower than expected; this is due to the fact that the repulsive forces derived from the long saturated chains make the energy difference between isolated and periodic state to be lower in magnitude than for the other molecules. 
Conclusions
Asphaltene aggregation is a complex process, influenced by many factors. Van der Waals interactions due to the presence of aromatic rings and electrostatic forces caused by the presence of heteroatoms such as oxygen, nitrogen and sulfur, are equally relevant in the aggregation of asphaltene molecules. For the molecules here studied, the model successfully reproduced the expected aggregation behavior, as the lower energy in this state so indicated. The structure and elemental composition of asphaltene are also crucial in determining the manner in which asphaltenes aggregate. The presence and geometrical distribution of heteroatoms with distinct partial charges influences the formation and stability of the aggregates. For continental structures, the presence of long ramifications obstructs the formation of asphaltene aggregates. For archipelago structures, the flexibility of the molecules enables the aggregation with other structures. The presence of heteroatoms creates a repulsive force that hinders the aggregation process. The molecular volume and the cohesive energy are also sensitive to the geometric configuration and the composition of the species, which affects the solubility parameter. The solubility parameter was within the accepted range for all molecules. Finally, the molecular simulation techniques seem to be adequate to describe asphaltene structure and aggregation behavior. This work is preliminary in understanding Colombian asphaltene behavior. Further work must be conducted in search of a more general understanding, simulating asphaltene aggregation in various solvents and linking results with experimental findings.
